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This paper provides a detailed description explaining how to calculate the relation between the
silicon Raman frequency and local stress or strain in the silicon, applied to stress measurements in
microelectronics. This relation is well known for measurements from the (100) surface of silicon.
However, it is often used in the wrong way, neglecting non-zero stress tensor elements. Especially,
in current 3D microelectronics technology, where the stress caused by through Si vias or micro-
bumps is of large importance, the vertical stress component, which highly affects the measured
Raman frequency shift, is often erroneously neglected. In addition, the equations for the (100) sur-
face are also often used incorrectly for cross-sectional measurements from a (110) surface. In this
paper, different ways to calculate the relation between Raman frequency and triaxial stress, and the
related Raman peak intensities, are discussed in detail.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4927133]
I. INTRODUCTION
Device scaling is one of the main drivers to increase the
performance of electronic systems. But in addition to scal-
ing, also 3D-system integration is under development. 3D
technology requires several non-standard processing steps
such as the fabrication and filling of high aspect-ratio
through-silicon vias (TSVs) and the thinning and stacking of
chips. Several of these steps raise concerns about mechanical
stresses. The Cu or W inside the TSVs is known to be under
tensile stress. This stress not only affects the performance of
nearby devices, but it can also cause reliability problems in
the BEOL layers (e.g., Cu pumping1) or affect the isolation
and barriers surrounding the TSV. Also, chip-package-inter-
action (CPI), with mechanical stress as the main problem, is
getting increasing attention. The stress field near an intercon-
nection bump located at one side of a thinned chip can affect
the transistors located on the other side. In addition, any
bending of this chip will change the local stress levels.2
Because these stresses are located at micron scale dimen-
sions, Raman spectroscopy is the ideal technique to study it.
Several recent publications indeed correlate micro-
Raman spectroscopy (lRS) results measured in the Si near
TSVs or micro-bumps with results from models and electri-
cal measurements.2–13 Nearly, all these studies, with a few
exceptions,9,11,13 however have one assumption in common:
They neglect the stress component along the length axis of
the TSV in their calculation of stress from the Raman fre-
quency shift and assume uniaxial or biaxial stress in the Si
surface plane. This assumption has to be applied with care: It
is often incorrect and can lead to erroneous conclusions. In
addition, some of the studies use relations that were derived
for backscattering experiments from a (100) Si surface to
analyse measurements performed on a cross-sectional (110)
surface. Also, this is incorrect.
It is in general as good as impossible to obtain, in a sim-
ple way, information on all stress or strain tensor compo-
nents from Raman spectroscopy measurements. A possible
approach is to use an analytical model or finite element mod-
elling (FEM) to predict the strain tensor elements in the sili-
con and then calculate the expected Raman shift taking into
account all the stress/strain tensor elements. This “predictive
Raman spectroscopy” approach was originally developed for
Si isolation structures14 and was successfully applied to Cu
TSVs9–11,13,15,16 but can be very time-consuming. It also
does not offer easy insight into the various stress compo-
nents. For this reason, it remains important to deduce simple
analytical relations between Raman frequency and stress ten-
sor components, using a limited amount of assumptions.
This paper is an extension of our previous published
work on this topic14,17,18 and of publications from
Anastassakis et al.19–23 It elaborates on the methodology,
clarifies it, and extends it to the case of triaxial stresses. The
calculations are presented in a step-by-step way, and various
approaches are discussed and compared.
The paper is organised in several parts. First, the basic
theory relating the measured Raman frequency with local
mechanical stress or strain is summarised. Next, it is applied
to backscattering experiments from a (100) and a (110)
plane. It is demonstrated that axes rotation is not always
required to obtain the relevant relations. A simple experi-
ment is performed to confirm the results. The theory underly-
ing the calculations is given in detail, allowing researchers to
apply it to their specific cases. Some basic equations are
given in the Appendixes.
II. BASIC THEORY
Raman spectroscopy is a non-destructive optical tech-
nique. It measures the vibration frequency of molecular or
lattice vibrations in gasses, fluids, or solids through the inter-
action of laser light, used as excitation source, with thesea)e-mail: ingrid.dewolf@imec.be
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vibration modes. The Raman scattering efficiency (I) of a
given crystal depends on the Raman tensors and on the polar-
ization vector of the incident (ein) and scattered (eout) laser
light and is given by20,24
I ¼ C
X
j
jein  Rj  eoutj2; (1)
where C is a constant and Rj is the Raman tensor of phonon
j. The Raman tensors of diamond-type (Oh point group) or
zinc-blende type (Td point group) semiconductors, and thus
also silicon, are given in the Cartesian axes system (indicated
by “c”) by
Rcx ¼
0 0 0
0 0 d
0 d 0
0
B@
1
CA; Rcy ¼
0 0 d
0 0 0
d 0 0
0
B@
1
CA;
Rcz ¼
0 d 0
d 0 0
0 0 0
0
B@
1
CA: (2)
This means that there are three active Raman peaks in sili-
con. For backscattering from a (001) surface of, for example,
crystalline Si, only the longitudinal optical (LO) phonon
(described by Rcz) can be observed, and this only when e
in is
perpendicular to eout.
In order to obtain the relation between the Raman fre-
quency and stress, it is important to define in which crystal
system the experiments are performed and in which system
one wants to calculate the relations. For some experiments, it
might be easier to calculate them in a system where the axes
are parallel to the main directions of the sample. In micro-
electronics, this is typically for orientations along h110i
directions in the sample plane and a [100] out-of-plane direc-
tion. In the following, the Cartesian coordinate system (Fig.
1 and Eq. (3)) is called the C-system:
Xc ¼ ½100; Yc ¼ ½010; Zc ¼ ½001: (3)
The subscript or superscript “c” indicates components, vectors,
axes, or tensors written in this system. If no sub- or superscript
is given, the symbols are also given in the C-system.
If there is no strain in the sample, all Raman peaks of Si
have the same frequency, x0, which is in the range of
520.5–520.6 Rcm1. In the presence of strain, the frequency
changes. The frequencies, x, of the optical phonon modes in
Si in the presence of strain, in terms linear in the strain, are
given by the solution of the eigenvalues (k1, k2, and k3) of the
well-known secular equation (see Appendix A for details)21,24
pe11 þ qðe22 þ e33Þ  k 2re12 2re31
2re12 pe22 þ qðe11 þ e33Þ  k 2re23
2re31 2re23 pe33 þ qðe11 þ e22Þ  k


¼ 0: (4)
This secular equation has in general three solutions for the
eigenvalues (k1, k2, and k3) and thus for the frequencies xi
(i¼ 1 to 3). The strain induced Raman frequency shift Dxi
of each peak i is given by (Appendix A)
Dxi ¼ xi  x0 ¼ ki
2x0
i ¼ 1 to 3: (5)
In order to find out which of the Raman tensors is visible
and corresponds to which eigenvalue, the intensity of each of
the three Raman tensors has to be calculated. In Ref. 14, this
was done by calculating the new strain modified eigenvec-
tors and Raman tensors. However, it is simpler to follow the
procedure as outlined in Ref. 22. Combining Eqs. (1) and
(2), the total Raman intensity of Si can be written as
I ¼ C
X
j
d2f c2j ; j ¼ 1 to 3; (6)
where fj
c is the component of a vector fc that is defined in the
C-system by
fc ¼
f c1
f c2
f c3
0
B@
1
CA ¼
ein2ce
out
3c þ ein3ceout2c
ein3ce
out
1c þ ein1ceout3c
ein1ce
out
2c þ ein2ceout1c
0
B@
1
CA; (7)
where einc is the polarization vector of the incident light and
eoutc the one of the scattered light, both given in the C-system
einc ¼ ð ein1c ein2c ein3c Þ ; eoutc ¼ ð eout1c eout2c eout3c Þ: (8)
The intensity of each of the three Raman peaks is then given
by (neglecting the constant C)
FIG. 1. Cartesian axis system (C-system) on a typical Si microelectronics
chip that has edges oriented along h110i directions.
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Icj ¼ d2f c2j ; j ¼ 1 to 3 (9)
with d the Raman tensor constant. This can be used to deter-
mine whether a Raman peak is visible for a chosen polariza-
tion direction of incident and analyzed light.
Many publications using Raman spectroscopy to mea-
sure stress in silicon devices assume uniaxial or biaxial stress
in the plane of the devices (often this is a (100) plane).
However, in many systems, the vertical stress component
cannot be neglected. A typical example is a TSV filled with
Cu. This Cu is under tensile stress and generates stress in the
silicon surrounding it. Most simulations predict very low
values of the shear stress components near a TSV compared
to the axial components.9–11 If shear stress components can
be neglected, one can assume the three major stress compo-
nents along the X, Y, and Z-axes to be non-zero near a TSV.
This is a typical example of a triaxial stress assumption. For
this reason, in the following, the theory is applied to calcu-
late the relation between Raman frequency and stress for var-
ious crystal orientations and for a triaxial stress assumption.
Uni- or biaxial stress situations can then easily be derived by
assuming the relevant stress element to be zero.
III. MEASUREMENTS IN BACKSCATTERING
FROM A (100) Si SURFACE
A. Stress along h100i directions
Assume that stress is present along the three Cartesian
axes. So, r11
c, r22
c, and r33
c are non-zero,
rc11 6¼ 0; rc22 6¼ 0; rc33 6¼ 0 (10)
and all shear stress components are assumed to be zero. For
a material with cubic symmetry, with anisotropy, such as sil-
icon, the relation between stress and strain, expressed in the
C-system, is given by Hooke’s law (Eq. (B1) in Appendix
B). From Eq. (B3), then follows for a silicon sample with tri-
axial stress:
ec11 ¼ S11rc11 þ S12rc22 þ S12rc33;
ec22 ¼ S12rc11 þ S11rc22 þ S12rc33;
ec33 ¼ S12rc11 þ S12rc22 þ S11rc33;
ec12 ¼ ec23 ¼ ec13 ¼ 0:
(11)
The secular equation, Eq. (4), then becomes
pec11 þ qðec22 þ ec33Þ  k 0 0
0 pec22 þ qðec11 þ ec33Þ  k 0
0 0 pec33 þ qðec11 þ ec22Þ  k


¼ 0; (12)
which can easily be solved to give the following
eigenvalues:
k1 ¼ pec11 þ qðec22 þ ec33Þ; k2 ¼ pec22 þ qðec11 þ ec33Þ;
k3 ¼ pec33 þ qðec11 þ ec22Þ: (13)
Using Eqs. (5) and (11), this results in
Dx1 ¼ k1
2x0
¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rc22 þ rc33
 
þ pS11 þ 2qS12ð Þrc11;
Dx2 ¼ k2
2x0
¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rc11 þ rc33
 
þ pS11 þ 2qS12ð Þrc22;
Dx3 ¼ k3
2x0
¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rc11 þ rc22
 
þ pS11 þ 2qS12ð Þrc33: (14)
For backscattering from the Si surface, that is, the laser light
is incident along a [001] (Zc) direction, only the x and y
components of the polarization of the light will be non-zero.
This means
einc ¼ ð ein1c ein2c 0 Þ ; eoutc ¼ ð eout1c eout2c 0 Þ: (15)
So, Eq. (7) becomes
fc ¼
f c1
f c2
f c3
0
B@
1
CA ¼
0
0
ein1ce
out
2c þ ein2ceout1c
0
B@
1
CA; (16)
and only the 3rd peak, the LO peak, is visible (Eq. (9)),
which gives the following relation between the shift of the
Raman peak from its stress free value and the three stress
components:
Dx ¼ Dx3 ¼ k3
2x0
¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rc11 þ rc22
 
þ pS11 þ 2qS12ð Þrc33: (17)
Assuming only uniaxial stress r11
c along [100], this relation
simplifies to
Dx ¼ k3
2x0
¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þrc11; (18)
which is the well-known linear relation between the shift of
the Si Raman peak from its stress free value and uniaxial
stress.19,21 If one can assume uniaxial stress, one can directly
obtain the value of this stress component from Raman
spectroscopy data. This equation is very often used in litera-
ture to correlate Raman frequency shift and stress. For
silicon, S11¼ 7.68 1012Pa1; S12¼2.14 1012Pa1;
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S44¼ 12.6  1012Pa1. The stress-free Raman frequency
varies in literature between 519.5 and 521, which is mostly
related to instrument calibration. Here, it is taken as
x0¼ 520.5 Rcm1. The values of p, q, and r also differ
depending on the literature. As a result, a rather large scatter
of numbers is found for Eq. (18), as shown in Table I.
In Refs. 14 and 28, the data from Ref. 25 were used.
Recent publications27,29 using high-numerical aperture (NA)
polarized Raman spectroscopy on highly strained Si and
SiGe gave similar values for p and q as the ones reported in
Ref. 23. In addition, the experiment shown in Fig. 2 (Ref.
30) confirms that the values reported in Refs. 23 and 27
might be more correct. In this experiment, uniaxial stress
was applied to a piece of Si along the [110] direction, using
a dedicated micro-tensile machine (M. Ignat, INPG31). The
fitted slope between Dx and the applied uniaxial stress (in
Pa) is 2.20E-9 6 0.08E-9, which is very close to values
obtained when using the phonon deformation potentials
(PDPs) as calculated by Refs. 23 and 27. Stress was applied
along [110] in this experiment, and not along [100]. As will
be shown further on, the same slope is theoretically predicted
for both situations. Measurement results shown in a recent
paper from Poborchii et al.,32,33 also using high NA experi-
ments, applied to ultra-thin strained silicon-on-insulator,
showed a ratio p/q 0.825 that deviates from the one of Ref.
23, where p/q 0.8, but is closer to the result p/q 0.822 of
Ref. 27. In the following, the data from Ref. 23 (see Table I)
will be used because also values for the 3rd deformation
potential (r) are given. However, some care has to be taken.
The value of p, q, and r, for example, also depends on the
doping level25 and might be different at the surface than in
the bulk. It is clear that, as mentioned in Ref. 32, the defor-
mation potential values need some further research.
Filling the values from Ref. 23 into Eq. (17) results in
the following relation between triaxial stress along [100],
[010], [001], and the Raman frequency shift:
Dx ¼ 2:30 109ðrc11 þ rc22Þ  1:13 109rc33ðPaÞ:
(19)
From this relation, it is clear that the vertical stress compo-
nent indeed also affects the Raman frequency shift, although
less than the in-plane stresses. This is of importance for the
study of stresses imposed by TSVs in the surrounding Si.
Because the Cu of a TSV in typically under tensile stress at
room temperature, it induces tensile stress in the radial
direction and compressive stress in the circumferential and
axial direction (see Fig. 3).
Often uniaxial or biaxial stress in the Si surface,
described by the Lame equations,36 is used in literature when
calculating the stress around TSVs.34,35 The simplified Lame
equations assume that the circumferential stress is equal but
opposite to the radial stress, that is, rc11ﬃ rc22, and only
dependent on the radius of the TSV and the distance from
the TSV. They also assume that the axial stress is zero
(rc33¼ 0). If rc11ﬃ rc22, according to Eq. (19), the third
stress component rc33, that is, the axial compressive stress,
will dominate the Raman frequency shift measured near the
TSVs. When using a longer wavelength of the probing laser,
the axial stress can mostly not be neglected11,12,37 and the
assumption rc33¼ 0 is not correct. This is confirmed by the
experiment shown in Fig. 4.37 The Raman frequency shift in
Si measured near two Cu-TSVs with the same diameter and
processing history, but different length, is compared using a
633 nm probing laser (penetration depth in Siﬃ 3 lm).
According to the simplified Lame equations, the TSV length
should not affect the stress in the silicon. However, there is
clearly a higher positive frequency shift measured in the Si
near the longer TSV indicating that, as can be expected, the
axial compressive stress increases with the TSV-length and
dominates the measured Raman frequency shift.
Very close to the surface, depending on the processing
conditions, the vertical stress component can in some cases
TABLE I. Phonon deformation potentials p, q, and r of Si from literature
and resulting relation between the Raman frequency shift (Dx) and uniaxial
stress (r11) from Eq. 18. x0¼ 520.5 Rcm1 is the stress-free Raman fre-
quency of Si.
Reference p/x0
2 q/x0
2 r/x0
2
Dx(cm1)/
r11(Pa)
r11(MPa)/
Dx(cm1)
19 1.25 1.87 0.66 2.00E-09 500
23 1.85 2.31 0.71 2.30E-09 434
25 1.43 1.89 0.59 1.93E-09 518
26  – – 2.13E-09 470
27 1.85 2.25 – 2.22E-09 451
FIG. 2. Symbols: Frequency shift (Dx) of the LO Si phonon induced by
externally applied uniaxial stress along the [110] direction. The stress is
applied to a silicon chip as indicated in the inset of the figure. Line: Fit of a
linear relation to the data. Adapted from Fig. 9 of Ref. 30.
FIG. 3. Stress components induced by a tensile Cu TSV in the surrounding
silicon.
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be neglected, as shown by Ryu et al.10 and Saettler et al.11
The variation of this vertical stress component with depth
highly depends on processing conditions, and the above dis-
cussed results clearly show that care has to be taken when
assuming uniaxial or biaxial stress. In general, Eqs. (18) and
(19) should be considered to study this kind of structures.
Especially, since in backscattering directions, only one (LO)
Raman peak can be detected, which depends on all stress
tensor elements.
One way to obtain additional information on stress in Si
is using off-axes micro-Raman spectroscopy, as demon-
strated in Ref. 38. An easier option allowing measurements
with higher spatial resolution is by using a large numerical
aperture objective lens, as was mentioned in the discussion
about the deformation potentials of Si. By using a high NA,
also the polarization element e3c
in becomes non-zero and, as
is shown by Eq. (7), also the normally forbidden TO compo-
nents might become visible. Their relation with stress is
given by the first two relations in Eq. (14). Using this effect
is called “polarized Raman spectroscopy or high-NA polar-
ized Raman spectroscopy.” This was, for example, used to
study strained Si in different highly stressed sam-
ples27,32,33,39–41 but also near TSVs,13 assuming correctly tri-
axial stress and also demonstrating the presence of a non-
zero vertical stress component.
B. Stress along [110], [2110], and [001] directions
Suppose one wants to calculate the effect of stresses
along directions given in the crystal system by
Xc ¼ 1ﬃﬃﬃ
2
p 110½ ; Yc ¼ 1ﬃﬃﬃ
2
p 110½ ; Zc ¼ 001½  (20)
as shown in Fig. 5. This is a typical direction along which
microelectronic components are most often oriented. These
directions can also be taken as directions of a new coordinate
system, which is defined as the sample system or S-system
(suffix s)
Xs ¼ ½100; Ys ¼ ½010; Zs ¼ ½001: (21)
One can take two different approaches to study the relation
between Raman frequency shift and stresses in this system.
Either (1) calculate the corresponding stress in the C-system
and solve all in the C-system or (2) rotate the secular equa-
tion to the S-system and solve it there. They should give the
same solution.
To solve the problem in the C-system, the tensor and
vector elements have to be calculated in that system, and the
secular equation (Eq. (4)) has to be solved. Triaxial stress is
assumed, but now along the major axes of the sample system
(S-system) as defined in Fig. 5,
rs11 6¼ 0; rs22 6¼ 0; rs33 6¼ 0: (22)
To solve the secular equation (Eq. (4)), which is given in the
C-system, the strain tensor elements have to be calculated in
the C-system. This can be done by first calculating the stress
tensor elements in the C-system and then applying Hooke’s
law to calculate the strain tensor elements. For this purpose,
first the rotation matrix Rcs from the C-system to the S-
system is calculated (Eq. (B4)),
1
0
0
0
BB@
1
CCA ¼
R11 R12 R13
R21 R22 R23
R31 R32 R33
0
BB@
1
CCA 1ﬃﬃﬃ2p
1
1
0
0
BB@
1
CCA;
0
1
0
0
BB@
1
CCA ¼
R11 R12 R13
R21 R22 R23
R31 R32 R33
0
BB@
1
CCA 1ﬃﬃﬃ2p
1
1
0
0
BB@
1
CCA;
0
0
1
0
BB@
1
CCA ¼
R11 R12 R13
R21 R22 R23
R31 R32 R33
0
BB@
1
CCA
0
0
1
0
BB@
1
CCA: (23)
This gives
Rcs ¼
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 1
0
BBBBB@
1
CCCCCA
: (24)
Using Rcs gives for Rr and Re (Eqs. (B8)–(B11)),
FIG. 4. Comparison of the stress induced Raman frequency shift near TSVs
with the same diameter (5 lm) but different lengths (22 lm and 40lm).
Measurements are performed in back-scattering from the (100) Si-surface,
stepping in 0.1 lm steps along a line crossing the TSVs using a 633 nm laser.
The TSV position (no Si signal measured) is indicated by the rectangle in
the center. Adapted from Fig. 4 of Ref. 37.
FIG. 5. Sample axis system (S-system) for top surface measurements in
microelectronics components.
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Rr ¼
1
2
1
2
0 0 0 1
1
2
1
2
0 0 0 1
0 0 1 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1
2
1
2
0 0 0 0
0
BBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCA
; Re ¼
1
2
1
2
0 0 0
1
2
1
2
1
2
0 0 0
1
2
0 0 1 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1 1 0 0 0 0
0
BBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCA
: (25)
Equations (B15) and (22) can then be used to calculate the stress in the C-system,
rc11
rc22
rc33
rc23
rc31
rc12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
1
2
1
2
0 0 0 1
1
2
1
2
0 0 0 1
0 0 1 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1
2
1
2
0 0 0 0
0
BBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCA
rs11
rs22
rs33
rs23
rs31
rs12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
1
2
1
2
0 0 0 1
1
2
1
2
0 0 0 1
0 0 1 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1
2
1
2
0 0 0 0
0
BBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCA
rs11
rs22
rs33
0
0
0
0
BBBBBBBBB@
1
CCCCCCCCCA
; (26)
or
rc11 ¼
1
2
rs11 þ rs22
 
; rc22 ¼
1
2
rs11 þ rs22
 
; rc33 ¼ rs33; rc12 ¼
1
2
rs11  rs22
 
: (27)
The other components are zero. Hooke’s law (Eq. (B3)) gives
ec11
ec22
ec33
2ec23
2ec31
2ec12
0
BBBBBBBBBB@
1
CCCCCCCCCCA
¼
S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44
0
BBBBBBBBBB@
1
CCCCCCCCCCA
1
2
rs11 þ rs22
 
1
2
rs11 þ rs22
 
rs33
0
0
1
2
rs11  rs22
 
0
BBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCA
(28)
resulting in
ec11 ¼ ec22 ¼
1
2
S11 þ S12ð Þ rs11 þ rs22
 þ S12rs33;
ec33 ¼ S12 rs11 þ rs22
 þ S11rs33;
ec12 ¼
1
4
S44 r
s
11  rs22
 
: (29)
The secular equation (Eq. (4)) in the C-system then becomes
ðp þ qÞec11 þ qec33  k 2rec12 0
2rec12 ðp þ qÞec11 þ qec33  k 0
0 0 pec33 þ 2qec11  k


¼ 0: (30)
This equation has the following eigenvalues (ki) and eigenvectors (vi):
053101-6 Ingrid De Wolf J. Appl. Phys. 118, 053101 (2015)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
134.58.253.57 On: Tue, 24 Nov 2015 15:53:28
k1 ¼ ðp þ qÞec11 þ qec33 þ 2rec12 vc1 ¼ ð110Þ;
k2 ¼ ðp þ qÞec11 þ qec33  2rec12 vc2 ¼ ð110Þ;
k3 ¼ pec33 þ 2qec11 vc3 ¼ ð001Þ;
(31)
which using Eq. (29) gives
k1 ¼ 1
2
S11 þ S12ð Þ p þ qð Þ þ qS12
 
rs11 þ rs22
 
þ p þ qð ÞS12 þ qS11ð Þrs33 þ r
1
2
S44 r
s
11  rs22
 
;
k2 ¼ 1
2
S11 þ S12ð Þ p þ qð Þ þ qS12
 
rs11 þ rs22
 
þ p þ qð ÞS12 þ qS11ð Þrs33  r
1
2
S44 r
s
11  rs22
 
;
k3 ¼ pS12 þ q S11 þ S12ð Þð Þ rs11 þ rs22
 þ pS11 þ 2qS12ð Þrs33;
(32)
and results for the Raman frequency shift of the related
Raman peaks in
Dx1 ¼ 1
2x0
1
2
S11 þ S12ð Þ p þ qð Þ þ qS12 þ r
2
S44
 
rs11
	
þ 1
2
S11 þ S12ð Þ p þ qð Þ þ qS12  r
2
S44
 
rs22
þ p þ qð ÞS12 þ qS11ð Þrs33
i
;
Dx2 ¼ 1
2x0
1
2
S11 þ S12ð Þ p þ qð Þ þ qS12  r
2
S44
 
rs11
	
þ 1
2
S11 þ S12ð Þ p þ qð Þ þ qS12 þ r
2
S44
 
rs22
þ p þ qð ÞS12 þ qS11ð Þrs33
i
;
Dx3 ¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rs11 þ rs22
 
þ pS11 þ 2qS12ð Þrs33: (33)
To calculate the intensity of these Raman peaks, we first
present a procedure that can be used in any coordinate sys-
tem. We follow the approach from Ref. 22. Choose the light
polarization vectors in any system and rotate them to the
crystallographic system (C-system). These vectors are then
used to solve Eq. (7). Next, one has to determine the
“eigenvector” system, that is, a system with axes defined by
the eigenvectors of the secular equation. This E-system will
be indicated in this paper with subscripts “e.” If the secular
equation is solved in the C-system, this will give components
of the eigenvectors in that system. If the secular equation is
solved in another system, for example, the S-system, this
will give components of the eigenvectors in that system. One
then has to calculate the components of the vector f (Eq. (7))
in the E-system from
fe ¼ Rcefc; (34)
where Rce is the rotation matrix from the C-system to the
E-system. This can often be simply calculated using
Rce ¼ RseRcs; (35)
where Rse and Rcs are rotation matrices from S to E system
and from C to S system, respectively. Often, the E-system
will be the same as the S-system, such that Rse is a unit ma-
trix. The intensities of the corresponding Raman peaks are
then given by
Iej ¼ d2f e2j ; j ¼ 1 to 3: (36)
In our calculations, the eigenvectors (Eq. (31)) are given in
the C-system (the secular equation was calculated in that sys-
tem) and coincide with the S-system axes, so the E-system is
equal to the S-system and Rce¼Rcs, which is given by Eq.
(24). Equation (34) then becomes
fe ¼ Rcsfc ¼
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 1
0
BBBBBB@
1
CCCCCCA
ein2ce
out
3c þ ein3ceout2c
ein3ce
out
1c þ ein1ceout3c
ein1ce
out
2c þ ein2ceout1c
0
BB@
1
CCA
¼
1ﬃﬃﬃ
2
p ein2ceout3c þ ein3ceout2c þ ein3ceout1c þ ein1ceout3c
 
1ﬃﬃﬃ
2
p ein2ceout3c  ein3ceout2c þ ein3ceout1c þ ein1ceout3c
 
ein1ce
out
2c þ ein2ceout1c
0
BBBBB@
1
CCCCCA
: (37)
For backscattering from the top surface, that is, along the
Zs¼Zc axes, this becomes
fe ¼
0
0
ein1ce
out
2c þ ein2ceout1c
0
B@
1
CA; (38)
which shows that only the 3rd Raman peak (the LO-peak) is
visible, as expected. This is only fully correct if the strain-
induced change of the Raman tensors can be neglected. The
stress induced Raman shift of that Raman peak is then given
by (3rd equation in Eq. (33))
Dx ¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rs11 þ rs22
 
þ pS11 þ 2qS12ð Þrs33Þ; (39)
which is similar to Eq. (17). From this equation, the solution
for uniaxial stress or biaxial stress can easily be derived by
putting the relevant stress elements to zero. This shows that
one cannot distinguish between a stress with magnitude “r”
acting in the (100) plane along [100] or along [110] when
measuring in backscattering configuration. If a configuration
is chosen deviating from backscattering (e.g., using high-
numerical aperture or off-axis Raman spectroscopy) and the
TO peaks can be distinguished, and one can obtain more in-
formation about the stresses.
In the previous calculations, all required elements were
calculated in the C-system. Solving the problem in the
S-system is sometimes easier. For that purpose, the strain
tensor, the secular equation, and the stiffness matrix have to
be calculated in the S-system. This can be done using the
equations provided in Appendixes A and B. It gives the fol-
lowing results:
053101-7 Ingrid De Wolf J. Appl. Phys. 118, 053101 (2015)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
134.58.253.57 On: Tue, 24 Nov 2015 15:53:28
Ss ¼
1
2
S11 þ S12ð Þ þ 1
4
S44
1
2
S11 þ S12ð Þ  1
4
S44 S12 0 0 0
1
2
S11 þ S12ð Þ  1
4
S44
1
2
S11 þ S12ð Þ þ 1
4
S44 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 2 S11  S12ð Þ
0
BBBBBBBBBBBB@
1
CCCCCCCCCCCCA
; (40)
Ks11
Ks22
Ks33
Ks23
Ks31
Ks12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
p þ q
2
þ r p þ q
2
 r q 0 0 0
p þ q
2
 r p þ q
2
þ r q 0 0 0
q q p 0 0 0
0 0 0 r 0 0
0 0 0 0 r 0
0 0 0 0 0
p  q
2
0
BBBBBBBBBBBB@
1
CCCCCCCCCCCCA
es11
es22
es33
2es23
2es31
2es12
0
BBBBBBBBB@
1
CCCCCCCCCA
þ
x20
x20
x20
0
0
0
0
BBBBBBBBB@
1
CCCCCCCCCA
; (41)
S secs ¼
p0es11 þ q0es22 þ qes33 ðp  qÞes12 2res13
ðp  qÞes12 q0es11 þ p0es22 þ qes33 2res23
2res13 2re
s
23 qðes11 þ es22Þ þ pes33
0
B@
1
CA; (42)
where p0 and q0 are defined as
p0 ¼ p þ q
2
þ r; q0 ¼ p þ q
2
 r: (43)
This is the same secular equation as was derived in Ref. 14,
but there it was done using a different approach, that is, by
rotating the Raman tensors. The eigenvalues and related
Raman frequency shift are the same as calculated in the
C-system. The eigenvectors coincide with the S-system as
was the case in the previous calculations, but now they are
given in the S-system. In the C-system, they are the same as
the ones from Eq. (31). So, the same calculations for the
intensity remain valid.
These calculations can be done in any axes system. The
obtained eigenvalues should be the same, and the eigenvec-
tors are given in the system in which the calculations are
done. The methodology is demonstrated in more detail in the
next part for measurements on a (110) cross-sectional
surface.
IV. MEASUREMENTS FROM THE CROSS-SECTIONAL
(110) SURFACE
When performing experiments on the cross-section of a
Si sample, the calculations can be done using the same
C-system or S-system as used above, but one has to take into
account that the incident laser light, when measuring in
backscattering, is no longer incident along the Zs-direction,
but along the Ys direction (Fig. 5). It is often assumed that
backscattering from a Z-direction is required in order to use
Pollak’s polarization selection rules,42 and that as such
always an axes system has to be chosen in which backscat-
tering from a Z-direction can be assumed. However, this is
not the case. For any scattering direction, the results can
always be calculated using the procedure outlined in Eqs.
(34)–(36). To demonstrate this, the calculations for triaxial
stress, as given by Eq. (22), that is, along [110], [110], and
[001] in the C-system, will be done both in the S-system
from Fig. 5 and in a new axes system with backscattering
from the Z-axis. This system will be referred to as the
X-system (“X” from “cross”-section). All elements in this
X-system are indicated with subscript or superscript “x.”
A. Calculations in the S-system
Triaxial stress as given by Eq. (22) is still assumed. This
means that the same relations between Raman frequency
shift and stresses are still valid (Eq. (33)). In Sec. III B, the
intensity of the Raman peaks was calculated from Eq. (36)
for a backscattering condition from the (100) plane, along
Zc¼Zs (Eq. (38)). When one would use a configuration with
backscattering from the cross-sectional plane formed by the
Xs and Zs axes, so, along the Ys axes, the same equation
(Eq. (37)) can be used to calculate which of the Raman peaks
from Eq. (33) would be visible and how it is affected by
stress. But the correct polarization vectors, written in the
C-system, should be used. The results for polarized and
analyzed light along Xs or Zs are given in Table II. The
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polarization vectors of incident and scattered light, given in
the C-system, and the axes to which they are parallel, are
indicated in the Table II.
The first Raman peak can be observed for the perpendic-
ular setting (?), where incident and analyzed light are
polarized perpendicular to each other, whereas the third peak
becomes visible when both are parallel (//) to the Xs axes,
that is, to the sample surface. The 2nd peak cannot be
observed. The stress dependence of the two peaks that can
be observed is given by the respective relations in Eqs. (33)
Dx1 ¼ Dx? ¼ 1
2x0
1
2
S11 þ S12ð Þ p þ qð Þ þ qS12 þ r
2
S44
 
rs11
þ 1
2
S11 þ S12ð Þ p þ qð Þ þ qS12  r
2
S44
 
rs22 þ p þ qð ÞS12 þ qS11ð Þrs33
2
6664
3
7775;
Dx3 ¼ Dx== ¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rs11 þ rs22
 þ pS11 þ 2qS12ð Þrs33 
: (44)
This shows that for backscattering from a Z-direction, as is
commonly used, axis rotation to a new axes system is not
necessary for the calculations. To show the validity of this
approach, in the next part, the calculations will be done in a
new axis system with light incident along the Z-axes, as is
traditionally done. These calculations should give the same
results.
B. Calculations in the X-system
The new sample axis system is chosen as shown in Fig. 6.
In the C-system, this is along directions
Xc ¼ 1ﬃﬃﬃ
2
p 110½ ; Yc ¼ 001½ ; Zc ¼ 1ﬃﬃﬃ
2
p 110½ : (45)
In the X-system, this becomes
Xx ¼ ½100; Yx ¼ ½010; Zx ¼ ½001: (46)
In this system, when performing Raman measurements in
backscattering from the cross-section, the light is incident
and scattered along the Zx-axis, as is traditionally done. The
calculations can be performed by rotating vectors, matrices,
and tensors from the C-system to the X-system or by rotating
from the S-system to the X-system. Both approaches give the
same result. Because it is more general, the first approach is
followed.
The rotation matrix from the C-system to this X-system
is given by (Eq. (B4)),
Rcx ¼
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 1
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0
BBBBB@
1
CCCCCA
: (47)
The matrices relating stress and strain are calculated from
Eqs. (B8)–(B10),
Rr¼
1
2
1
2
0 0 0 1
0 0 1 0 0 0
1
2
1
2
0 0 0 1
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1
2
1
2
0 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0
BBBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCCA
; Re¼
1
2
1
2
0 0 0
1
2
0 0 1 0 0 0
1
2
1
2
0 0 0 1
2
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1 1 0 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0
BBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCA
:
(48)
The stiffness tensor becomes (Eq. (B19)),
TABLE II. Intensity of the three Raman peaks (I1, I2, I3) for backscattering
on the cross-sectional surface formed by Xs and Zs, incident and scattered
light along Ys (see Fig. 5). ein
c and eout
c are the polarization of incident and
scattered light, respectively, in the crystal system. The sample-system axis to
which they are parallel is indicated. Also, the relative orientation of incident
and scattered polarization is indicated (//¼ parallel, ?¼ perpendicular).
ein
c ¼ parallel to eoutc ¼ parallel to Relative I1 I2 I3
1ﬃﬃ
2
p 110ð Þ XS 1ﬃﬃ2p 110ð Þ XS // 0 0 d2
(001) ZS (001) ZS // 0 0 0
1ﬃﬃ
2
p 110ð Þ XS (001) ZS ? d2 0 0
(001) ZS
1ﬃﬃ
2
p 110ð Þ XS ? d2 0 0
FIG. 6. Crystallographic system (C) and X-section system (X). The latter is
defined to analyze cross-sectional measurements on the (110) surface in
microelectronics components.
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Sx ¼
1
2
S11 þ S12ð Þ þ 1
4
S44 S12
1
2
S11 þ S12ð Þ  1
4
S44 0 0 0
S12 S11 S12 0 0 0
1
2
S11 þ S12ð Þ  1
4
S44 S12
1
2
S11 þ S12ð Þ þ 1
4
S44 0 0 0
0 0 0 S44 0 0
0 0 0 0 2 S11  S12ð Þ 0
0 0 0 0 0 S44
0
BBBBBBBBBBB@
1
CCCCCCCCCCCA
(49)
and rotating the K(e) tensor (Eq. (A6)) to this system (Eq. (B19) or (B20)) gives
Kx11
Kx22
Kx33
Kx23
Kx31
Kx12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
p þ q
2
þ r q p þ q
2
 r 0 0 0
q p q 0 0 0
p þ q
2
 r q p þ q
2
þ r 0 0 0
0 0 0 r 0 0
0 0 0 0
p  q
2
0
0 0 0 0 0 r
0
BBBBBBBBBBBB@
1
CCCCCCCCCCCCA
ex11
ex22
ex33
2ex23
2ex31
2ex12
0
BBBBBBBBB@
1
CCCCCCCCCA
þ
x20
x20
x20
0
0
0
0
BBBBBBBBB@
1
CCCCCCCCCA
: (50)
Actually, K(e) has the same shape as Ss but without the factors that were used for the conversion using Voigt notation. The sec-
ular matrix in the X-system then becomes
S secx ¼
p0ex11 þ qex22 þ q0ex33 2rex12 ðp  qÞex31
2rex12 qðex11 þ ex33Þ þ pex22 2rex23
ðp  qÞex31 2rex23 q0ex11 þ qex22 þ p0ex33
0
B@
1
CA: (51)
Triaxial stress in the sample system is still assumed (Eq. (22)). The corresponding stresses in the X-system can be calculated
from Eqs. (B8) and (48),
rx11
rx22
rx33
rx23
rx31
rx12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
1
2
1
2
0 0 0 1
0 0 1 0 0 0
1
2
1
2
0 0 0 1
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
1
2
 1
2
0 0 0 0
0 0 0
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0
BBBBBBBBBBBBBBBBB@
1
CCCCCCCCCCCCCCCCCA
rc11
rc11
rc33
0
0
rc12
0
BBBBBBBBB@
1
CCCCCCCCCA
; (52)
which also using Eq. (27) gives
rx11 ¼ rs11; rx22 ¼ rs33; rx33 ¼ rs22: (53)
To solve the secular equation in the X-system, the corresponding strain in that system has to be calculated. This can be
obtained from Hooke’s law applied in the X-system, so using Sx (Eq. (49)). This results in
ex11
ex22
ex33
2ex23
2ex31
2ex12
0
BBBBBBBBBB@
1
CCCCCCCCCCA
¼
1
2
S11 þ S12ð Þ þ 1
4
S44 S12
1
2
S11 þ S12ð Þ  1
4
S44 0 0 0
S12 S11 S12 0 0 0
1
2
S11 þ S12ð Þ  1
4
S44 S12
1
2
S11 þ S12ð Þ þ 1
4
S44 0 0 0
0 0 0 S44 0 0
0 0 0 0 2 S11  S12ð Þ 0
0 0 0 0 0 S44
0
BBBBBBBBBBBB@
1
CCCCCCCCCCCCA
rs11
rs33
rs22
0
0
0
0
BBBBBBBBBB@
1
CCCCCCCCCCA
; (54)
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ex11 ¼
1
2
S11 þ S12ð Þ þ 1
4
S44
 
rs11 þ S12rs33 þ
1
2
S11 þ S12ð Þ  1
4
S44
 
rs22;
ex22 ¼ S12rs11 þ S11rs33 þ S12rs22;
ex33 ¼
1
2
S11 þ S12ð Þ  1
4
S44
 
rs11 þ S12rs33 þ
1
2
S11 þ S12ð Þ þ 1
4
S44
 
rs22;
ex13 ¼ ex23 ¼ ex12 ¼ 0: (55)
Filling this into the secular equation in the X-section system, Eq. (51), gives
S secx ¼
p0ex11 þ qex22 þ q0ex33 0 0
0 qðex11 þ ex33Þ þ pex22 0
0 0 q0ex11 þ qex22 þ p0ex33
0
B@
1
CA: (56)
From which the eigenvalues and related eigenvectors can be directly obtained
k1 ¼ p0ex11 þ qex22 þ q0ex33 vx1 ¼ ð100Þ;
k2 ¼ qðex11 þ ex33Þ þ pex22 vx2 ¼ ð010Þ;
k3 ¼ q0ex11 þ qex22 þ p0ex33 vx3 ¼ ð001Þ:
(57)
The corresponding Raman frequency shift is given by
Dx1 ¼ 1
2x0
1
2
S11þ S12ð Þ pþ qð Þ þ qS12þ r
2
S44
 
rs11þ
1
2
S11þ S12ð Þ pþ qð Þ þ qS12 r
2
S44
 
rs22þ pþ qð ÞS12þ qS11ð Þrs33
	 
;
Dx2 ¼ 1
2x0
pS12þ q S11þ S12ð Þð Þ rs11þ rs22
 þ pS11þ 2qS12ð Þrs33 
;
Dx3 ¼ 1
2x0
1
2
S11þ S12ð Þ pþ qð Þ þ qS12 r
2
S44
 
rs11þ
1
2
S11þ S12ð Þ pþ qð Þ þ qS12þ r
2
S44
 
rs22þ pþ qð ÞS12þ qS11ð Þrs33
	 
:
(58)
These are the same eigenvalues as found when doing the calculations in the crystal system or in the sample system, but the
2nd and 3rd ones are switched. The reason is that also the eigenvectors they are related to are different. To check if the same
conclusions as given in Table II hold, the corresponding f vector is calculated. As the eigenvectors fall together with the
X-sample system, Rxe is a unit matrix and so
fe ¼ Rcefc ¼ RxeRcxfc ¼ Rcxfc ¼
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0 0 1
1ﬃﬃﬃ
2
p 1ﬃﬃﬃ
2
p 0
0
BBBBB@
1
CCCCCA
ein2ce
out
3c þ ein3ceout2c
ein3ce
out
1c þ ein1ceout3c
ein1ce
out
2c þ ein2ceout1c
0
B@
1
CA ¼
1ﬃﬃﬃ
2
p ein2ceout3c þ ein3ceout2c þ ein3ceout1c þ ein1ceout3c
 
ein1ce
out
2c þ ein2ceout1c
1ﬃﬃﬃ
2
p ein2ceout3c þ ein3ceout2c  ein3ceout1c  ein1ceout3c
 
0
BBBBB@
1
CCCCCA
: (59)
Table III gives the results, assuming light parallel to the sample surface or perpendicular. As always, the light polarization vec-
tors as given in the C-system should be used in Eq. (59).
The results shown in Table III indicate that peaks 1 and 2 can be observed, corresponding with
Dx1 ¼ Dx? ¼ 1
2x0
1
2
S11 þ S12ð Þ p þ qð Þ þ qS12 þ r
2
S44
 
rs11þ
1
2
S11 þ S12ð Þ p þ qð Þ þ qS12  r
2
S44
 
rs22 þ p þ qð ÞS12 þ qS11ð Þrs33
2
6664
3
7775;
Dx2 ¼ Dx== ¼ 1
2x0
pS12 þ q S11 þ S12ð Þð Þ rs11 þ rs22
 þ pS11 þ 2qS12ð Þrs33 
:
(60)
The 1st Raman peak can be observed for the perpendicular setting, and the 2nd Raman peak for the parallel. This is exactly the
same result as obtained in the S-system calculations, as expected, but required much more calculations.
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Using the numbers from Ref. 23 (Table I), Eq. (60)
gives the following results for measurements on the (110)-
cross-sectional surface of Si.
For a polarizer parallel or perpendicular to the sample
surface and the analyzer perpendicular to the polarizer, the
relation is given by
Dx? ¼  2:879 109rs11  0:549 109rs22
 2:302 109rs33: (61)
For polarizer and analyzer parallel to the sample surface,
that is, along a [110] direction,
Dx== ¼2:302 109ðrs11þrs22Þ 1:126 109rs33: (62)
If both polarizer and analyzer are perpendicular to the sur-
face, no signal is observed.
This shows that for triaxial stress, there are two different
relations with three unknowns. In cross-sectional experiments,
when using a probing laser with short penetration depth, it can
sometime be assumed that the out of plane component (r22
s in
our S-system) is zero due to stress relaxation at the surface.
This then allows to solve for the two other components.
C. Experimental verification
To verify whether the calculations are correct, a simple
experiment was performed. A rectangular piece of a 50lm
thinned Si wafer is glued to a large round tube and polished to
give a clean cross-section (Fig. 7). Two samples are made using
tubes with a different diameter, 80 and 85mm. Due to flexibility
of the tubes, the cutting, and relaxation of the glue, the exact
final bending radius of the samples is different than the tube cur-
vature and varies from place to place. Optical measurements
indicate variations between 33 and 48mm for the 80mm diame-
ter tube and between 45 and 85mm for the 85mm tube.
Raman spectroscopy data were measured during a scan
along the cross section of the Si sample, along its thickness,
from its surface near the tube to its top surface, as indicated in
Fig. 7. In such an experiment, Si is expected to be compressive
close to the tube and tensile at its surface. The same S-system
as was defined in Fig. 5 is used. The polarization of the incident
laser light is parallel to the XS-axis. So, it is parallel to the top
surface of the sample. The analyzer is placed in the path of the
scattered light either parallel to the polarization of the incident
light (//) or perpendicular (?) to the polarization of the incident
light. Fig. 8 shows the results of the measured Raman fre-
quency shifts in function of the position on the cross-section.
In an ideal symmetrical bended beam, only the stress
component along the XS-axis is non-zero, so only r
s
11. In
this case, Eqs. (61) and (62) simplify to
Dx?¼2:879109rs11; Dx==¼2:302109rs11: (63)
And the ratio between them is
Dx?
Dx==
¼ 1:25: (64)
From beam theory, rs11 is expected to be linearly increasing
with the position z along the cross-section, depending on the
radius R and the elastic modulus of Si (E), with E¼ 170GPa
in the [110] direction,36
rs11 ¼ 
z
R
E: (65)
Because the exact radius R at the measurement position is not
known, it is first concluded that there should be a linear rela-
tion between stress and the position along the cross-section.
This is indeed the case as shown in Fig. 8. The slope of this
relation, as fitted on the experiments, is listed in Table IV. It is
smaller for the larger radius sample, as expected from beam
theory. From the slope, using Eqs. (63) and (65), the radius of
the sample at the measurement position can be calculated. This
is for the 80lm tube, 46.2mm for the perpendicular measure-
ment and 46.3mm for parallel direction, and for the 85mm
tube, 50 and 48mm, respectively. In both cases, the calculated
radius is larger than the tube radius, which is possible because
of the presence and relaxation of the glue and was confirmed
by the optical measurements. More important, according to
Eq. (63), the slope measured in the perpendicular set-up should
be larger than the slope measured in the parallel set-up. This is
indeed the case as can be seen in Table IV. The measured ratio
between the slopes is also given in Table IV. It should be the
same as the ratio given in Eq. (64). The obtained values indeed
come very close to the theoretically predicted value.
V. CONCLUSIONS
In this paper, the methodology to calculate the Raman
frequency shift due to mechanical stress is presented in
TABLE III. Intensity of the three Raman peaks (I1, I2, I3) for backscattering
on the cross-sectional surface formed by Xs and Zs, incident and scattered
light along Zx (see Fig. 6). ein
c and eout
c are the polarization of incident and
scattered light, respectively, in the crystal system. The sample-system axis to
which they are parallel is indicated. Also, the relative orientation of incident
and scattered polarization is indicated (//¼ parallel, ?¼ perpendicular).
ein
c ¼ parallel to eoutc ¼ parallel to Relative I1 I2 I3
1ﬃﬃ
2
p 110ð Þ XS 1ﬃﬃ2p 110ð Þ XS // 0 d2 0
(001) ZS (001) ZS // 0 0 0
1ﬃﬃ
2
p 110ð Þ XS (001) ZS ? d2 0 0
(001) ZS
1ﬃﬃ
2
p 110ð Þ XS ? d2 0 0
FIG. 7. Schematic picture of the 50lm thick Si sample glued to a tube. The
scan direction of the Raman measurement is indicated. The red arrows indi-
cate the x and z-axes of the S-system.
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detail. The calculations were derived for triaxial stress situa-
tions, which become increasingly relevant for different issues
encountered in 3D technology, such as stress near TSVs but
also near solder bumps, due to thinned Si chip deformation,
etc. The results for uniaxial or biaxial stress can easily be
deduced. It is shown that the relations can be obtained by fol-
lowing different approaches, that is, calculating them in the
crystallographic axis system, or in any chosen sample system.
In whatever crystal system the calculations are done for a
given set of stress or strain tensor elements, the same three
eigenvalues are obtained. But their order might differ depend-
ing on the axes system in which the calculations are done. The
easiest way to calculate which peak is visible and is related to
which relation is obtained by calculating the f vector.
The results show that the out-of-plane stress component
does influence the Raman frequency, and although its effect is
smaller than the one of the in-plane stresses, it cannot be
neglected. This is especially important for cases where the in-
plane components have an opposite sign, such as in the Si
near TSVs. The relations are also deduced for measurements
in backscattering from a (110) plane, in which case two differ-
ent Raman peaks can be observed, which depend differently
on the stresses. A simple experiment confirms the results.
Although many of these results were already partly used
in literature, they were not discussed in such detail. The ela-
borated calculations presented in this paper intend to help
researchers of Raman spectroscopy to understand in-depth
how these relations are obtained, to calculate them for any
system which is relevant for their application, and to select
the correct settings and the correct equations.
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APPENDIX A: SECULAR EQUATION
The frequencies, x, of the optical phonon modes in the
presence of strain, in terms linear in the strain, are given by
the solution of Ref. 24,X
b
Kabgb ¼ x2ga; a; b ¼ 1 3; (A1)
where ga are the Cartesian coordinates of eigenvectors and
Kab are elements of the force constant tensor.
For the C-system, the eigenvectors are along Xc, Yc, and
Zc, so this can be written as
K11  x2 K12 K13
K21 K22  x2 K23
K31 K32 K33  x2

 ¼ 0; (A2)
TABLE IV. Slope of the Raman frequency shift in function of position of
the cross section of bended samples glued to an 80 or 85mm tube (see Fig. 7
and data from Fig. 8). The slope is obtained for measurements with analyzer
perpendicular or parallel to the polarization of the incident light. The error
on the slope is indicated in Fig. 8.
Tube diameter (mm) Slope? Slope // Ratio (?///)
80 0.010567 0.0084529 1.25
85 0.0098009 0.0080784 1.21
FIG. 8. Measured Raman frequency
shift in function of position on the
cross section of the sample from Fig.
7. Measurements were done on sam-
ples with different bending (80 and
85mm tube) and for two polarization
configurations (parallel and perpendic-
ular). The latter were done at exactly
the same position on the sample.
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Kab can be expanded in powers of the strain
Kab ¼
X
t
etK
ðeÞ
tab þ Kð0Þab ; Kð0Þab ¼ x20dab; (A3)
where et are elements of the strain tensor e and dab is the
Kronecker delta. This can be written in tensor notation as
K11
K22
K33
K23
K31
K12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
K1111 K2211 K3311 K2311 K3111 K1211
K1122 K2222 K3322 K2322 K3122 K1222
K1133 K2233 K3333 K2333 K3133 K1233
K1123 K2223 K3323 K2323 K3123 K1223
K1131 K2231 K3331 K2331 K3131 K1231
K1112 K2212 K3312 K2312 K3112 K1212
0
BBBBBBBBB@
1
CCCCCCCCCA

e11
e22
e33
2e23
2e31
2e12
0
BBBBBBBBB@
1
CCCCCCCCCA
þ
x20
x20
x20
0
0
0
0
BBBBBBBBB@
1
CCCCCCCCCA
: ðA4Þ
For Si the symmetrical tensor, K(e) has only three independ-
ent elements,
K
ðeÞ
1111 ¼ KðeÞ2222 ¼ KðeÞ3333 ¼ p;
K
ðeÞ
1122 ¼ KðeÞ1133 ¼ KðeÞ2233 ¼ q;
K
ðeÞ
1212 ¼ KðeÞ1313 ¼ KðeÞ2323 ¼ r;
(A5)
where p, q, and r are the so-called PDPs of Si, that is, mate-
rial constants.20,24 Equation (A4) then becomes
K11
K22
K33
K23
K31
K12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
p q q 0 0 0
q p q 0 0 0
q q p 0 0 0
0 0 0 r 0 0
0 0 0 0 r 0
0 0 0 0 0 r
0
BBBBBBBBB@
1
CCCCCCCCCA
e11
e22
e33
2e23
2e31
2e12
0
BBBBBBBBB@
1
CCCCCCCCCA
þ
x20
x20
x20
0
0
0
0
BBBBBBBBB@
1
CCCCCCCCCA
:
(A6)
And, combining Eqs. (A2) and (A6), the eigenvalues are
then calculated from
pe11 þ qðe22 þ e33Þ  k 2re12 2re31
2re12 pe22 þ qðe11 þ e33Þ  k 2re23
2re31 2re23 pe33 þ qðe11 þ e22Þ  k


¼ 0; (A7)
with
k ¼ x2  x20: (A8)
This secular equation has in general three solutions for the
eigenvalues (k1, k2, and k3) and thus for the frequency x (xi,
i¼ 1 to 3). In most situations, the stress induced Raman fre-
quency shift, Dxi¼xi-x0, is much smaller than x0, and
xiþx0 can be assumed to be equal to 2x0. The strain
induced Raman frequency shift (Dxi) of each peak i can then
be calculated as
Dxi ¼ xi  x0 ¼ ki
2x0
i ¼ 1 to 3: (A9)
APPENDIX B: HOOKE’S LAWAND STRESS-STRAIN
TENSOR ROTATION
For a material with cubic symmetry, with anisotropy,
such as silicon, the relation between stress and strain,
expressed in the Csystem, is given by Hooke’s law,
ec ¼ Scrc; (B1)
where ec is the strain tensor, rc the stress tensor, and Sc the
stiffness tensor of silicon, expressed in the Cartesian coordi-
nate system [100], [010], and [001]. In general, the stiffness
tensor Sc is a 4th rank tensor with elements Sijkl (i, j, k, l¼ 1
to 3). Using Voigt notation for mapping of the tensor indi-
ces,43 this can be rewritten as a 2nd rank tensor Sab, where ij
or kl are mapped as a or b, respectively, in the following
way: 11 ! 1, 22 ! 2, 33 ! 3, 23 or 32 ! 4, 13 or 31 ! 6,
and 12 or 21! 6.
So, the tensor elements can be rewritten as elements
with two suffixes, Smn, where factors of 2 and 4 are intro-
duced as follows:43
Sijkl¼ Smn when m and n are 1, 2, or 3
2Sijkl¼ Smn when either m or n is 4, 5, or 6
4Sijkl¼ Smn when both m and n are 4, 5, or 6.
For silicon (zinc-blende lattice), the stiffness tensor then
becomes
Sc ¼
S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44
0
BBBBBBBBB@
1
CCCCCCCCCA
c
; (B2)
where for silicon S11¼ 7.68  1012Pa1; S12¼2.14 
1012Pa1; S44¼ 12.6  1012Pa1. Anisotropy of silicon
is taken into account in all calculations. Hooke’s law (Eq.
(B1)) can then be written as
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ec11
ec22
ec33
2ec23
2ec31
2ec12
0
BBBBBB@
1
CCCCCCA
¼
S11 S12 S12 0 0 0
S12 S11 S12 0 0 0
S12 S12 S11 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S44
0
BBBBBB@
1
CCCCCCA
c
rc11
rc22
rc33
rc23
rc31
rc12
0
BBBBBB@
1
CCCCCCA
: (B3)
The factor 2 in the 3 last components of the strain vector can also be accounted for in the S tensor (S44 becomes then S44/2),
but we opt to put it into the strain vector for simplicity.
The rotation matrix Rcs (matrix elements Rij) from crystal system to sample system is calculated from
vsi ¼ Rcsvci ; i ¼ X; Y; Z; (B4)
where vi
s and vi
c are unit vectors along the three axis (indicated here as X, Y, Z) in the sample and crystal system, respectively.
The rotation tensor Acs to rotate a vector w from the crystal system to the sample system is given by
ws ¼ Acswc; (B5)
where Acs is the inverse of Rcs.
To obtain strain, stress, and the secular equation in a different axis system, tensor rotation is required. The transformation
of a second order Cartesian tensor T from the C to the S system is given by
Tsij ¼ RikRjlTckl i; j; k; l ¼ 1; 2; 3:
For strain and stress, this can be rewritten as
esij ¼ RikRjleckl i; j; k; l ¼ 1; 2; 3; (B6)
rsij ¼ RikRjlrckl i; j; k; l ¼ 1; 2; 3: (B7)
The relation between stress or strain in the crystal system and in another (sample) system can then simply be written as44
rs11
rs22
rs33
rs23
rs31
rs12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
R211 R
2
12 R
2
13 2R12R13 2R11R13 2R11R12
R221 R
2
22 R
2
23 2R22R23 2R21R23 2R21R22
R231 R
2
32 R
2
33 2R32R33 2R31R33 2R31R32
R21R31 R22R32 R23R33 D44 D45 D46
R31R11 R32R12 R33R13 D54 D55 D56
R11R21 R12R22 R13R23 D64 D65 D66
0
BBBBBBBBB@
1
CCCCCCCCCA
rc11
rc22
rc33
rc23
rc31
rc12
0
BBBBBBBBB@
1
CCCCCCCCCA
(B8)
in short,
rs ¼ Rrrc; (B9)
es11
es22
es33
2es23
2es31
2es12
0
BBBBBBBBB@
1
CCCCCCCCCA
¼
R211 R
2
12 R
2
13 R12R13 R11R13 R11R12
R221 R
2
22 R
2
23 R22R23 R21R23 R21R22
R231 R
2
32 R
2
33 R32R33 R31R33 R31R32
2R21R31 2R22R32 2R23R33 D44 D45 D46
2R31R11 2R32R12 2R33R13 D54 D55 D56
2R11R21 2R12R22 2R13R23 D64 D65 D66
0
BBBBBBBBB@
1
CCCCCCCCCA
ec11
ec22
ec33
2ec23
2ec31
2ec12
0
BBBBBBBBB@
1
CCCCCCCCCA
(B10)
in short,
es ¼ Reec; (B11)
with
D44 D45 D46
D54 D55 D56
D64 D65 D66
0
B@
1
CA ¼
R22R33 þ R32R23 R21R33 þ R31R23 R21R32 þ R31R22
R32R13 þ R12R33 R31R13 þ R11R33 R31R12 þ R11R32
R12R23 þ R22R13 R11R23 þ R21R13 R11R22 þ R21R12
0
B@
1
CA:
From Eqs. (B9) and (B11) follows:
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rc ¼ R1r rs; (B12)
ec ¼ R1e es; (B13)
further,
R1r ¼ RTe ; RTr ¼ R1e ; (B14)
so
rc ¼ RT
e
rs; (B15)
ec ¼ RT
r
es: (B16)
It is also of interest to calculate Hooke’s relation in the
sample system. In the crystal system, it is given by Eq. (B1).
In the sample system, this will be
es ¼ Ssrs: (B17)
To calculate Ss, we deduce using Eqs. (B11), (B1), (B12),
and (B14),
es ¼ Reec ¼ ReScrc ¼ ReScR1r rs ¼ ReScRTe rs: (B18)
From which follows (Eq. (B17)):
Ss ¼ ReScRTe : (B19)
The stiffness matrix Sc can also be obtained by tensor rota-
tion similar to a 4th degree tensor T,
Tsijkl ¼ RimRjnRkoRlpTmnop: (B20)
But in general, Eq. (B19) is much easier to calculate. In Eq.
(B19), when using the Voigt notation, the factors 2 and 4
should be taken into account. This is not the case when rotat-
ing the secular equation into a new axes system.
1I. De Wolf et al., “Cu pumping in TSVs: Effect of pre-CMP thermal budg-
et,” J. Microelectron. Reliab. 51(9–11), 1856–1859 (2011).
2R. Sugie, K. Kosaka, H. Seki, H. Hashimoto, and M. Yoshikawa,
“Measurement of temperature-dependent stress in copper-filled silicon
vias using polarized Raman spectroscopy,” J. Appl. Phys. 114, 233503
(2013).
3M. Murugesam, H. Kino, H. Nohira, J. C. Bea, A. Horibe, F. Yamada, C.
Miyazaki, H. Kobayashi, T. Fukushima, T. Tanaka, and M. Koyanagi, “Wafer
thinning, bonding and interconnects induced local strain/stress in 3D-LSIs with
fine-pitch high-density microbumps and through-Si vias,” Proceedings of the
IEEE Electron Device Meeting (IEDM) 2010, pp. 10-30–10-33.
4W. S. Kwon et al., “Stress evolution in surrounding silicon of Cu-filled
through-silicon via undergoing thermal annealing by multiwavelength
micro-Raman spectroscopy,” Appl. Phys. Lett. 98, 232106 (2011).
5F. Le Texier, J. Mazuir, M. Su, L. Castagne, J.-C. Souriau, J.-L. Liotard,
M. Saadaoui, and K. Inal, “Investigation of local stress around TSVs by
micro-Raman spectroscopy and finite element simulation,” in Proceedings
of the Interconnect Technology Conference and 2011 Materials for
Advanced Metallization (IITC/MAM), 2011.
6C. McDonough et al., “Thermal and spatial dependence of TSV-induced
stress in Si,” in Proceedings of the Interconnect Technology Conference
and 2011 Materials for Advanced Metallization (IITC/MAM), 2011.
7T. Dao, D. H. Triyoso, M. Petras, and M. Canonico, “Through silicon via
stress characterization,” in Proceedings of the IEEE IC Design and
Technology (ICICDT) (2009), pp. 39–41.
8T. Tanaka et al., “Development of self-assembled 3-D integration technol-
ogy and study of microbump and TSV induced stress in thinned chip/
wafer,” in Proceedings of the IEEE International SOI Conference (2010),
pp. 1–4.
9P. Saettler, M. Boettcher, and K. J. Wolter, “l-Raman spectroscopy and
FE-analysis of thermo-mechanical stresses in TSV periphery,” in
Proceedings of the 14th Conference on Thermal, Mechanical and Multi-
physics Simulation and Experiments in Microelectronics and
Microsystems (EuroSimE 2013), 2013.
10S.-K. Ryu, Q. Zhao, M. Hecker, H.-Y. Son, K.-Y. Byun, J. Im, P. S. Ho,
and R. Huang, “Micro-Raman spectroscopy and analysis of near-surface
stresses in silicon around through-silicon vias for three-dimensional inter-
connects,” J. Appl. Phys. 111, 063513 (2012).
11P. Saettler, M. Hecker, M. Boettcher, C. Rudolph, and K. J. Wolter, “m-
Raman spectroscopy and FE-modeling for TSV-stress-characterization,”
Microelectron. Eng. 137, 105–210 (2015).
12W. S. Yoo, J. H. Kim, and S. M. Han, “Multiwavelength Raman character-
ization of silicon stress near through-silicon vias and its inline monitoring
applications,” J. Micro/Nanolithogr., MEMS, MOEMS 13(1), 011205
(2014).
13Q. Zhao, J. Im, R. Huang, and P. S. Ho, “Extension of micro-Raman
spectroscopy for full-component characterization of TSV structures,” in
Proceedings of the IEEE Electronic Components and Technology
Conference (ICTC) (2013), p. 397–401.
14I. De Wolf, H. E. Maes, and S. K. Jones, “Stress measurements in silicon
devices through Raman spectroscopy: Bridging the gap between theory
and experiment,” J. Appl. Phys. 79(9), 7148–7156 (1996); Addendum:
ibid. 85(10), 7484–7485 (1999).
15C. Okoro, Y. Yang, B. Vandevelde, B. Swinnen, D. Vandepitte, B.
Verlinden, and I. De Wolf, “Extraction of the appropriate material prop-
erty for realistic modeling of through-silicon-vias using l-Raman
spectroscopy,” in Proceedings of the Interconnect Technology Conference
(IITC) (2008), pp. 16–18.
16C. C. Hsieh et al., “Orthotropic stress field induced by TSV and its impact
on device performance,” in Proceedings of the Interconnect Technology
Conference and 2011 Materials for Advanced Metallization (IITC/MAM),
2011.
17J. Chen et al., “Raman spectroscopy as a stress sensor in packaging:
Correct formulae for different sample surfaces,” in Proceedings of the
Electronic Components and Technology Conference (ECTC) (2002), pp.
1310–1317.
18J. Chen et al., “Theoretical and experimental Raman spectroscopy study of
mechanical stress induced by electronic packaging,” IEEE Trans.
Compon. Packag. Technol. 28(3), 484–492 (2005).
19E. Anastassakis, A. Pinczuk, and E. Burstein, “Effect of static uniaxial
stress on the Raman spectrum of silicon,” Solid State Commun. 8,
133–138 (1970).
20E. Anastassakis, in Light Scattering in Semiconductor Structures and
Superlattices, edited by D. J. Lockwood and J. F. Long (Plenum, New
York, 1991), p. 173.
21F. Cerdeira et al., “Stress-induced shifts of first-order Raman frequencies
of diamond and zinc-blende-type semiconductors,” Phys. Rev. B 5(2),
580–592 (1972).
22E. Anastassakis, “Selection rules of Raman scattering by optical phonons
in strained cubic crystals,” J. Appl. Phys. 82(4), 1582–1591 (1997).
23E. Anastassakis, A. Canterero, and M. Cardona, “Piezo-Raman measure-
ments and anharmonic parameters in silicon and diamond,” Phys. Rev. B
41, 7529–7535 (1990).
24S. Ganesan, A. A. Maradudin, and J. Oitmaa, “A lattice theory of morphic
effects in crystals of the diamond structure,” Ann. Phys. 56, 556–594
(1970).
25M. Chandrasekhar, J. B. Renucci, and M. Cardona, “Effects of interband
excitations on Raman phonons in heavily doped n-Si,” Phys. Rev. B 17(4),
1623–1633 (1978).
26M. Hecker, L. Zhu, C. Georgi, I. Zienert, J. Rinderknecht, H. Geisler, and
E. Zschech, “Analytics and metrology of strained silicon structures by
Raman and nano-Raman spectroscopy,” AIP Conf. Proc. 931, 435–444
(2007).
27D. Kosemura, K. Usuda, and A. Ogura, “Investigation of phonon deforma-
tion potentials in Si1-xGex by oil-immersion Raman spectroscopy,” Appl.
Phys. Express 5, 111301 (2012).
28I. De Wolf, “Micro-Raman spectroscopy to study local mechanical stress
in silicon integrated circuits,” Semicond. Sci. Technol. 11, 139–154
(1996).
29V. Poborchii, T. Tada, K. Usuda, and T. Kanayama, Appl. Phys. Lett. 99,
191911 (2011).
053101-16 Ingrid De Wolf J. Appl. Phys. 118, 053101 (2015)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
134.58.253.57 On: Tue, 24 Nov 2015 15:53:28
30I. De Wolf, J. Chen, M. Rasras, M. van Spengen, and V. Simons, Proc.
SPIE 3897, 239–252 (1999).
31C. Malhaire, M. Ignat, K. Dogheche, S. Brida, C. Josserond, and L.
Debove, “Realization of thin film specimens for micro tensile tests,” in
Proceedings of the 14th International Conference on Solid-State Sensors,
Actuators and Microsystems (Transducers) (2007), pp. 623–626.
32V. Poborchii, T. Tada, and T. Kanayama, “Observation of the forbidden
doublet optical phonon in Raman spectra of strained Si for stress analysis,”
Appl. Phys. Lett. 97, 041915 (2010).
33V. Poborchii, M. Hara, Y. Morita, and T. Neda, “Raman spectroscopy of
ultrathin strained-silicon-on-insulator: Size effects in strain, elastic, and
phonon properties,” Appl. Phys. Lett. 106, 093107 (2015).
34K. H. Lu, X. Zhang, S.-K. Ryu, J. Im, R. Huang, and P. S. Ho, “Thermo-
mechanical reliability of 3-D ICs containing through silicon vias,” in
Proceedings of the Electronic Components and Technology Conference,
ECTC (2009), pp. 630–634.
35W. Guo, G. Van der Plas, A. Ivankovic, V. Cherman, G. Eneman, B. De
Wachter, M. Togo, A. Redolfi, S. Kubicek, Y. Civale, T. Chiarella, B.
Vandevelde, K. Croes, I. De Wolf, I. Debusschere, A. Mercha, A. Thean, G.
Beyer, B. Swinnen, and E. Beyne, “Impact of through silicon via induced
mechanical stress on fully depleted bulk FinFET technology,” Proceedings
of the IEEE Electron Device Meeting (IEDM) 2012, pp. 18.4.1–18.4.4.
36S. Timoshenko, Strength of Materials. Part I (D. Van Nostrand Company,
Inc., 1940).
37I. De Wolf, V. Simons, V. Cherman, R. Labie, B. Vandevelde, and E.
Beyne, “In-depth Raman spectroscopy analysis of various parameters
affecting the mechanical stress near the surface an bulk of Cu-TSVs,” in
Proceedings of the IEEE 62nd Electronic Components and Technology
Conference (ECTC) (2012), pp. 331–337.
38G. H. Loechelt, N. G. Cave, and J. Menendez, “Measuring the tensor na-
ture of stress in silicon using polarized off-axis Raman spectroscopy,”
Appl. Phys. Lett. 66(26), 3639–3641 (1995).
39V. Poborchii, T. Tada, and T. Kanayama, “Study of stress in a shallow-
trench-isolated Si structure using polarized confocal near-UV Raman mi-
croscopy of its cross section,” Appl. Phys. Lett. 91, 241902 (2007).
40A. Tarun, N. Hayazawa, H. Ishitobi, S. Kawata, M. Reiche, and O.
Moutanabbir, “Mapping the ‘forbidden’ transverse-optical phonon in
single strained silicon (100) nanowire,” Nano Lett. 11, 4780–4788
(2011).
41M. Mermoux, A. Crisci, F. Baillet, V. Destefanis, D. Rouchon, A. M.
Papon, and J. M. Hartman, “Strain in epitaxial Si/SiGe graded buffer struc-
tures grown on Si(100), Si(110), and Si(111) optically evaluated by polar-
ized Raman spectroscopy and imaging,” J. Appl. Phys. 107, 013512
(2010).
42F. H. Pollak, “Characterization of semiconductors by Raman
spectroscopy,” in Analytical Raman Spectroscopy, Chemical Analysis
Series, edited by J. G. Grasselli and B. J. Bulkin (John Wiley & Sons,
1991), Vol. 114, pp. 137–221.
43J. F. Nye, Physical Properties of Crystals (Clarendon Press, Oxford,
1957).
44W. L. Bond, “The mathematics of the physical properties of crystals,” Bell
Syst. Tech. J. XXII(1), 1–72 (1943).
053101-17 Ingrid De Wolf J. Appl. Phys. 118, 053101 (2015)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
134.58.253.57 On: Tue, 24 Nov 2015 15:53:28
